Eighty-four isolates of Sclerotinia sclerotiorum from four cabbage production fields in North Carolina and 16 isolates from an experimental cabbage field plot in Louisiana were DNA-fingerprinted and tested for mycelial compatibility. In a comparison with 594 unique DNA fingerprints of S. sclerotiorum from Canadian canola, no fingerprints were shared among Canadian, North Carolina, and Louisiana populations. DNA fingerprints from the North Carolina sample were distinctive from those of the Canadian and Louisiana samples, with significantly more hybridizing fragments in the 7.7-to 18-kilobase range. Forty-one mycelial compatibility groups (MCGs) and 50 unique DNA fingerprints were identified from the North Carolina sample. Three MCGs and three fingerprints were identified from the Louisiana sample. From the North Carolina sample, 32 MCGs were each associated with a unique fingerprint; of these, there were 11 clones (i.e., cases in which two or more isolates belonged to the same MCG and shared the same DNA fingerprint). Six clones sampled from two or more fields represented approximately 29% of the total sample (24 of 84 isolates), with six clones recovered from fields 75 km apart. There were 10 cases in which one MCG was associated with more than one DNA fingerprint and two cases in which one DNA fingerprint was associated with more than one MCG. The small sample from Louisiana was strictly clonal. The North Carolina sample had a clonal component, but deviated from one-to-one association of MCG with DNA fingerprint to an extent consistent with more recombination or transposition than the other two populations sampled.
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The cosmopolitan soilborne fungus Sclerotinia sclerotiorum (Lib.) de Bary is an important pathogen on more than 408 different plant species (4) . Although there is extensive literature on the biology and ecology of S. sclerotiorum (1, 18, 20) , information about the population biology of S. sclerotiorum is still emerging.
Recent studies by Kohn and coworkers (8, 10, 11, 14) have shown that, in Canada, each field crop of canola (Brassica napus L. or B. rapa L.) is infected by many clones of S. sclerotiorum. In these studies, a clone was defined as a genotype maintained in a single mitotic lineage (2, 11) . Members of a clone shared four presumably independent molecular characteristics (5) and were identified by two putatively independent criteria, mycelial compatibility and DNA fingerprinting. All members of a clone were mycelially compatible and shared a unique DNA fingerprint. The DNA fingerprinting element, pLK44.20, used by Kohn and coworkers is repeated and dispersed in the nuclear genome (14) with high amino acid similarity to a non-long terminal repeat retrotransposon (8) . That this putative transposable element is relatively stable is supported in two ways. First, isolates representing clonal genotypes that have been stored and serially cultured from 1989 to the present have maintained stable fingerprints with one notable exception, the loss of one hybridizing fragment in the fingerprint of DNA from a sector of one isolate (Y. Kohli, unpublished data). Second, the same clonal genotypes, identified both by fingerprinting and mycelial compatibility, have been recovered repeatedly over geographically long distances and over several years (11) .
For example, in a one-season sample, 39 clones were identified among 66 isolates of S. sclerotiorum from seven locations in Alberta, Saskatchewan, and Manitoba. The most widely distributed clone accounted for 18% of the isolates (10) . Over the entire 4-year sampling period, 659 clones were identified among the 2,876 S. sclerotiorum isolates sampled, with one clone recovered frequently and in every year of sampling over a distance of more than 2,000 km. A small number of clones composed the majority of the sample, indicating that there is one large S. sclerotiorum population on Canadian canola. There were, however, a large number of genotypes sampled only once or twice (11) . The strongly clonal structure of this population is consistent with efficient asexual reproduction via sclerotia and selfed sexual reproduction, with new clones arising through mutation and, perhaps, infrequent outbreeding.
Is this clonal population structure typical of S. sclerotiorum on other crops? Are the same Canadian canola clones found on other related crops such as cabbage? Head rot of cabbage (Brassica oleracea L. var. capitata), caused by S. sclerotiorum, is a common disease that occurs in most cabbage production regions of the world during periods of cool, wet weather. In eastern North Carolina, head rot of cabbage occurs primarily in the fall production season and can result in serious economic losses in the field and during transport to the market.
There were two main objectives in this study. First, to determine whether, like the Canadian canola population, field populations of S. sclerotiorum on cabbage in eastern North Carolina are predominantly clonal, and whether each cabbage field is infected by many clones. This entailed determining whether the relatively strict association between mycelial compatibility grouping and DNA fingerprint observed in the Canadian canola field populations also occurred in North Carolina cabbage field populations. Strict association between these two criteria would indicate clonality mediated by asexual reproduction and selfed sexual reproduction, while a lack of association would be consistent with transposition, or genetic exchange and recombination. The second objective was to determine whether the same genotypes of S. sclerotiorum were found associated with Canadian canola and North Carolina cabbage. A small sample from one Louisiana cabbage field population was also included in the study.
MATERIALS AND METHODS
Isolates. Eighty-four S. sclerotiorum isolates were obtained from naturally infected cabbage from four production fields in eastern North Carolina (Table 1) . Individual cabbage heads exhibiting head rot symptoms, at least 1 m apart, were arbitrarily collected during the second week of November 1994. Ten different cabbage heads from fields 1, 2, and 4 (30 total), and 54 different cabbage heads from field 3 (the most intensively sampled field) were used for isolations. One isolate was obtained from each head by surface-disinfesting a single sclerotium for 1 min in 70% ethyl alcohol, rinsing in sterile distilled water, and then plating on potato dextrose agar (PDA) (Difco Laboratories, Detroit) amended with streptomycin sulfate and tetracycline (50 µg/ml of each) (Sigma Chemical Co., St. Louis). Isolates were maintained by storing sclerotia in glass vials in the dark at -20°C.
For a comparative southern U.S. cabbage sample, a small sample made by G. Holcomb from a 0.2-ha experimental cabbage field plot at the Burden Research Plantation, Louisiana State University, Baton Rouge, in 1996, was also evaluated. Four cabbage heads with head rot symptoms were sampled approximately 17 to 33 m apart. The cabbage heads were designated Lou1, Lou2, Lou3, and Lou4, such that a sclerotium collected from cabbage head 1 was designated Lou1-1. Five isolates were obtained from each cabbage head. With only one viable isolate recovered for Lou1, the total number of Louisiana cabbage isolates screened was 16.
Mycelial compatibility grouping. To determine the association between mycelial compatibility group (MCG) and DNA fingerprint, whether fields supported more than one genotype, and whether some genotypes were found in more than one field, mycelial compatibility was assessed in three subsamples by pairing isolates in all possible combinations using the procedure of Kohn et al. (12) . All pairings were scored after incubation in the dark at 23°C for 4, 7, and 14 days. Pairings were scored as mycelially compatible when no reaction line was observed in the interaction zone between paired isolates. Pairings were scored as mycelially incompatible when a reaction line of either hyphal tufts or red pigment deposition was observed between paired isolates (12) . Pairings were scored independently by at least two people. Testing in each subsample was repeated at least twice.
DNA fingerprinting. DNA fingerprinting was conducted as described previously (8) . Whole cell genomic DNAs of all isolates were digested with BamHI and then hybridized to a clone probe, pLK44.20 (14) . DNAs from North Carolina and Louisiana cabbage isolates were subjected to electrophoresis at 1.5 V/cm for 45 to 48 h, rather than 16 to 24 h for Canadian canola isolates, to resolve the characteristically clustered hybridizing fragments. Fingerprints of North Carolina cabbage and Canadian canola isolates were scored with reference to a Canadian canola isolate, LMK 211, used as a size standard on all gels in this study and previous studies in the Kohn laboratory (8, 13, 14) . Hybridizing fragments were binned in 53 size classes (8) and binomially coded as present or absent.
In this study, each genotype was characterized by a unique DNA fingerprint. A clone was defined as a group of isolates (>1 isolate) that shared a unique DNA fingerprint and belonged to the same MCG (i.e., isolates were all mycelially compatible with each other, but incompatible with isolates from other MCGs).
RESULTS

Mycelial compatibility grouping and DNA fingerprinting.
Forty-one MCGs were designated from the North Carolina sample and three MCGs from the Louisiana sample (Table 1) . Ninetyeight percent of the North Carolina pairings were scored identically by all evaluators; 2% of the pairings were difficult to score and were repeated in both the Cubeta and Kohn laboratories, scored by four people, and paired again if necessary until agreement was reached on the scoring. Louisiana pairings were unambiguous.
Fifty DNA fingerprints were identified among the North Carolina isolates and three fingerprints from the Louisiana sample. Sample fingerprints are shown in Figure 1 . There were no matches of DNA fingerprints in comparisons of fingerprints of Canadian canola isolates with North Carolina and Louisiana cabbage isolates. From the North Carolina sample, 32 MCGs were associated with one fingerprint; of these, there were 11 clones (i.e., cases in which two or more isolates belonged to the same MCG and shared the same DNA fingerprint). Six clones sampled from two or more fields represented approximately 29% of the total sample (24 of 84 isolates). There were 10 cases in which one MCG was associated with more than one fingerprint ( Table  2) and two cases in which one fingerprint was associated with more than one MCG (additional DNA fingerprint data available upon request).
Direct comparison of individual hybridizing fragments in fingerprints between the samples was complicated by the greater number of fragments in the North Carolina sample, between 7.7 and 18 kilobases (kb). Resolution of these hybridizing fragments required different electrophoretic conditions from those previously employed for the large Canadian canola studies, although the Canadian standard isolate used in scoring, LMK 211, was included on all gels. To make comparisons of size classes of fragments, a subsample of 84 isolates from the total Canadian canola sample was selected using random numbers. The proportion of fragments between 7.7 and 18 kb was 57.9% for the North Carolina sample and 35.1% in the Canadian canola subsample (Table 3 ). There were no fragments >25 kb in the North Carolina sample. One fragment in this size class represented a proportion of 8.0% of hybridizing fragments in the Canadian canola subsample. The chi-square statistic for frequency of occurrence of fragments in three size classes (0 to 5 kb, 5 to 13 kb, and >13 kb) between North Carolina and Canada was highly significant (x 2 = 30.618, df = 2, P < 0.001). Interpolation of fragments between 7.7 and 18 kb against the Canadian standard was ruled out for two reasons. First, interpolating against the standard was difficult in this congested size class of hybridizing fragments. Second, we did not automatically accept the basic assumption that comigrating fragments, finely distinguished from a congested group of other fragments, share common descent in this interpopulational comparison. 
DISCUSSION
In comparison to the extensive samples of S. sclerotiorum from Canadian canola that were strongly clonal, i.e., more than three clones represented >50% of the total sample (8, 10, 14) , the North Carolina sample had a clonal component (six clones represented 29% of the total sample of 84 isolates) and the small Louisiana sample was strictly clonal (three clones represented 100% of 16 isolates). As in the Canadian sample, each field in North Carolina and the Louisiana field was infested with many genotypes of S. sclerotiorum. In both Canadian and North Carolina samples, a few genotypes were recovered at a higher frequency, and many genotypes were sampled only once. As in Canada, genotypes in North Carolina may be dispersed across geographically long distances (over 75 km) in North Carolina.
The deviations from strict association between MCG and DNA fingerprint in the North Carolina sample were notable. In a Canadian sample of 66 isolates from seven locations (10), 32 MCGs each were associated with one unique fingerprint, while three MCGs included isolates with one of two different fingerprints. In the North Carolina sample, there were 10 such cases, with MCG 04 associated with four different fingerprints. In no case among the Canadian sample was one fingerprint associated with more than one MCG, as was observed in the North Carolina sample with fingerprints 01 and 17. Among the Canadian isolates, no cases were observed of nontransitivity in mycelial compatibility testing, e.g., isolate A is compatible with isolate B, isolate B is compatible with isolate C, but isolate A is not compatible with isolate C. One such case was observed with MCGs 01 and 30 in the North Carolina sample.
Also notable in the North Carolina sample were the ambiguous compatibility reactions among 2% of the mycelial pairings. In mycelial compatibility tests of Canadian and Louisiana isolates, incompatibility was conclusively demonstrated by a red reaction line in the interaction zone. Isolates with the same DNA fingerprint were unambiguously compatible. Among some groups of isolates with the same fingerprint in the North Carolina sample, however, we observed a range of compatibility reactions from full compatibility to the formation of vague reaction lines of thin or fluffy hyphae. Mycelial compatibility, the ability of two mycelia to anastomose and form one mycelium, is probably a component of vegetative compatibility, in which two mycelia anastomose to form a stable heterokaryon. Vegetative compatibility in the few ascomycetes that have been investigated is determined by several loci. For two isolates to be vegetatively compatible, all vegetative compatibility loci, which are allelic in some ascomycetes, must be the same (7, 15) . The genetic regulation of mycelial compatibility in S. sclerotiorum is not known, but our observations are consistent with partial compatibility mediated by the sharing of some, but not all, compatibility loci or alleles. This could be best explained by the shuffling of mycelial compatibility loci or alleles in recombination. It would be difficult to distinguish genetic exchange in somatic heterokaryons from outbreeding in sexual reproduction. Pairings of isolates derived from sibling ascospores from each of 12 apothecia from field populations of North Carolina cabbage provided some evidence of mycelial incompatibility, consistent with recombination, from two apothecia. However, DNA fingerprints of the sibling ascospores were all identical (M. A. Cubeta and L. M. Kohn, unpublished data) .
While the range of mycelial compatibility reactions suggest recombination, the deviations from one-to-one association of MCG to fingerprint are consistent with recombination or transposition. Because pLK44.20 contains a repeated, dispersed DNA element, transposition must be considered. It is possible that rates of transposition vary among subpopulations of S. sclerotiorum. The data presented in Table 2 allow comparison of DNA fingerprints associated with a single MCG. DNA fingerprints for isolates belonging to one MCG may differ by as few as one or two hybridizing fragments or by five or more fragments (e.g., DNA fingerprints associated with MCG 04), suggesting a greater role for transposition within MCGs of the North Carolina sample. To rigorously address this, and to compare the contributions of recombination and mutation, we are using phylogenetic analyses of single nucleotide substitutions in several genomic DNA regions for each population sample (I. Carbone and L. M. Kohn, unpublished data). DNA sequence-based screens of population samples provide characters that are amenable to phylogenetic reconstruction and are less 01  17  0100010010000001000000100001000000000000000000100000001  18  0000011000000001000000100001000000000000000000100000000  02  20  0000010001000001000010100001001001000001000000101000001  35  0000010000100001100011100001001010000000100001010000001  03  37  0000010000011001100101100000110000000000010000000001101  39  0000100001010000101001000001111000000000000000010001101  04  03  0000010000010100100001100001000000001000000000000000000  08  0000010000011000100100100001000000000010000000000000000  10  0000010000010100100000100001000000000010000000000000000  13  0000010000000110000000100001000000000010001000100001000  05  09  0000010000011000110000100001000000000010000000000000000  12  0000001000010101101000100001000000000010000000000000000  07  47  0010110100000010000001100000000000000000010000000010001  48  0010110100000010000001100000010000000000010000000010001  12  29  0010100000000011001011100101000010010000100100001001101  51  1001000000000010001101001010000100001001001000010001101  13  26  0001000100101000100000100000000000000010000000000000001  52  0001000100001001100000100000000000000010000000000000001  25  06  0000010000010001000101100000000000100000000000100000000  07  0001000100011000100110100001000000110000010010000000001  30  16  0000000000000001100010110101000010000000000000011000101  17  0100010010000001000000100001000000000000000000100000001 a MCGs determined by pairing S. sclerotiorum isolates from four commercial cabbage fields in eastern North Carolina on modified Patterson's medium (12 burdened by the assumptions that must be made with comigrating bands in electrophoresis. Six clones, composing 24 isolates or 29% of the sample, were recovered from more than one field in the North Carolina sample. The distribution of some genotypes may result from movement of sclerotia in seed and in soil on equipment and with cabbage transplants (17, 19) . The movement and immigration of infected seed has been implicated in the geographic distribution and occurrence of Mycosphaerella graminicola (16) and Phytophthora infestans (6) . Ben-Yephet and Bitton (3) and Williams and Stelfox (21) reported that ascospores of S. sclerotiorum can be dispersed several hundred meters, but these studies did not utilize labeled propagules that could be rigorously traced. Ben-Yephet and Bitton (3) estimated that approximately 77 to 90% of the ascospores were deposited within 100 m from the apothecial source, while the remaining ascospores were transported farther. While fungal propagules associated with aerial dispersal are often melanized and thickwalled, ascospores of S. sclerotiorum are hyaline and relatively thin-walled. We think that, while the airborne movement of ascospores for distances of 3 to 4 km is possible, the 75 km distance between Plymouth and Weeksville is unlikely.
Based on DNA fingerprints, there were no genotypes of S. sclerotiorum shared among the Canadian canola, North Carolina, and Louisiana population samples. In this study, each fingerprint was compared as a phenotype. Because of the difficulty in inferring common descent from common state, we have avoided comparisons of comigrating hybridizing fragments, especially between population samples. These data are consistent with a population of S. sclerotiorum subdivided by geographic separation, host specialization, or ecological adaptation. The absence of commercial cabbage and canola seed production in North Carolina may have contributed to the isolation of local genotypes of S. sclerotiorum. Population subdivision could be important in customizing disease management, especially if it is associated with local ecological adaptation. However, all that can be conclusively interpreted from these data is that there are no genotypes of S. sclerotiorum shared among these locations. In subsamples from the same populations in our study, three mitochondrial haplotypes, determined by hybridization of mitochondrial DNA (mtDNA) with whole genomic DNA, were shared by S. sclerotiorum isolates from Canadian canola and North Carolina cabbage (9) . One mtDNA haplotype was shared among all agricultural populations sampled worldwide (Australia and Norway, as well as Canada and North Carolina), but absent from two wild populations. The hypothesis that agricultural populations of S. sclerotiorum share a relatively recent, common mitochondrial origin and that the worldwide population is subdivided awaits further study.
